Abstract-The ability to determine the characteristics of peripheral nerve fiber size distributions would provide additional information to clinicians for the diagnosis of specific pathologies of the peripheral nervous system. Investigation of these conditions, using electrodiagnostic techniques, is advantageous in the sense that such techniques tend to be minimally invasive yet provide valuable diagnostic information. One of the principal electrodiagnostic tools available to the clinician is the nerve conduction velocity test. While the peripheral nerve conduction velocity test can provide useful information to the clinician regarding the viability of the nerve under study, it is a single-parameter test that yields no detailed information about the characteristics of the functioning nerve fibers within the nerve trunk. In this study, we present a technique based on decomposition of the maximal compound evoked potential and subsequent determination of the group delay of the contributing nerve fibers. The fiber group delay is then utilized as an initial estimation of the nerve fiber size distribution and the associated temporal propagation delays of the single-fiber-evoked potentials to a reference electrode. Simulation studies, based on deterministic single-fiber action potential functions, are used to demonstrate the robustness of the proposed technique in the presence of simulated noise associated with the recording process.
I. INTRODUCTION
The nerve conduction velocity test provides clinically useful information in the diagnosis of peripheral neuropathies, such as carpal tunnel syndrome [1] , [2] . Since nerve conduction velocity studies are essentially single parameter measurements of the gross conduction properties of the underlying nerve trunk, such studies are not suited to providing detailed information regarding the characteristics of the underlying nerve fibers that contribute to the compound evoked potential.
A more robust measurement technique would involve the ability to extract information about the population of nerve fibers within the nerve trunk that are contributing to the evoked potential that could potentially provide useful information to the clinician. As an example, information related to the size distribution of contributing nerve fibers can be used to differentiate between different clinical conditions such as chronic inflammatory demyelinating polyneuropathy, which selectively impacts larger nerve fibers, or early diabetic peripheral neuropathy, which impacts smaller fibers [3] , [4] .
There is a large body of literature devoted to describing various techniques for determining the nerve fiber conduction velocity distribution (CVD). The pioneering work of Cummins et al. [5] and Dorfman [6] describe techniques that use two compound action potentials to estimate the CVD using a least squares approach. Common to these studies was the assumption that fibers included in a specific velocity class have identical evoked potentials waveforms.
More recently, there have been several additional studies including the work of Gonzalez-Cueto and Parker [7] , Papadopoulou (2 ) (t) to the maximal compound evoked potentials Ψ (1) (t) and Ψ (2) (t). The figure is not drawn to scale and is indicative of stimulation and recording sites at convenient locations along the median nerve. From an experimental perspective, implementation could involve stimulation of the median nerve at the anterior cubital fossa with recording sites placed more distally at anatomically convenient locations such as the wrist. This type of placement would result in distances that are larger than those indicated on the figure.
[8], and Gu et al. [9] . The studies presented by Tu et al. and Morita et al. focused on a regularized least squares algorithm but feature many of the same assumptions associated with waveform commonality related to velocity classes that were made in earlier work [10] , [11] . This study also investigated the impact of recording noise on the integrity of the estimated CVD. Bayramoglu et al. investigated the distribution of peroneal nerve conduction velocities using a collision technique [12] . In this paper, we present a novel technique for estimating the size distribution of contributing nerve fibers that is linearly related to the CVD. The technique is based on an estimation of the group delay between two sets of recording electrodes associated with the individual fibers that contribute to a maximal compound-evoked potential. The group delay information is then used to estimate the diameters of the activated fibers as well as the propagation delays of individual singlefiber-evoked potentials to a reference electrode. This process allows for reconstruction of an estimated maximal compound evoked potential, from the individual single-fiber-evoked potentials, at the first recording site.
The basic methodology behind the technique is presented by utilizing a closed-form mathematical model of a single-fiber-evoked potential waveform that allows us to demonstrate the robustness of the technique under noisy conditions.
II. METHOD
The simulation for determination of the group delay is premised on the physical setup shown in Fig. 1 , where a stimulator is used to excite a subcutaneous nerve trunk consisting of a group of electrically independent nerve fibers. While the dimensions of the distance between the stimulus and recording electrodes were chosen for simulation convenience, an experimental implementation of the study could 0018-9294/$25.00 © 2008 IEEE be made with the stimulus site at the anterior cubital fossa for stimulation of the median nerve. Recording electrodes could be placed more distally along the course of the median nerve. The propagating compound-evoked potential is detected at two recording sites. Using a series of successively increasing current stimulus pulses, the successively recorded compound evoked potentials can be decomposed into their constituent single fiber action potentials in a manner analogous to the protocol used in the McComas et al. motor unit number estimation technique [13] .
There are several assumptions that are inherent to the simulation study presented in this paper that have been made by other investigators [9] , [14] . When stimulated, it is assumed that each active nerve fiber transmits the single fiber action potential at the same time from the site of the stimulating electrode. While it is acknowledged that there is evidence that the threshold required to excite a nerve fiber is not a precise value but fluctuates over a small range, this study assumes a fixed value of stimulus current, dependent on nerve fiber size, for fiber recruitment [15] . It is further assumed that the CVD is invariant along the nerve although there is some evidence to the contrary [16] . A linear relationship between conduction velocity and fiber diameter is also assumed [17] , although there is some evidence that pathological conditions, such as disruption of the myelin, can result in this relationship becoming nonlinear [18] . It is acknowledged that nerve fiber depth will influence activation characteristics at a given stimulus current level as will tissue anisotropy [19] . These effects are not typically included in techniques that have been proposed for determining the nerve fiber size or CVDs and are not included in this proposed technique [9] , [10] .
A. Generation of Compound Action Potential Waveforms, Single Fiber Action Potential Decomposition, and Group Delay Estimation
An empirically determined nerve fiber diameter distribution [20] was used to generate a random population of 100 nerve fiber diameters for two distributions using a technique described by Szlavik and de Bruin [21] . The distribution in (1) was used to generate the fiber diameter population:
The parameters shown in Table I were used in the distribution of (1). The randomly generated fiber diameter distributions formed the template distribution population d.
The population of nerve fibers in each distribution was subjected to a series of virtual stimulus pulses of successively increasing current amplitude where Ω i is the amplitude of the stimulus current pulse at each increment i. An activation function ξ(d) was used to determine whether a given stimulus current amplitude was sufficient to excite each fiber with diameter d as per (2) where ζ = 10 mA and η = 3.5 ×
For each recording site n = 1, 2, the compound evoked potential Ψ (n ) i (t) is computed for each increment i of the stimulus current amplitude as per
In (3), the single fiber action potential waveform
,r] contributes to the compound-evoked potential if the argument of the step function u is positive where t is the time in seconds, v k is the conduction velocity of the kth fiber, δ
is the propagation delay (in TABLE I  PARAMETER VALUES USED IN THE FIBER DIAMETER DISTRIBUTION seconds) of the single fiber action potential from the stimulus site to the nth recording site, andr is the perpendicular depth between the recording site and the center of the kth fiber.
The function G is the model of the single fiber action potential proposed by Fleisher et al. where the function has been normalized to the current through the second pole such that G = g/I, as per (4) . All other parameters are as described Fleisher [22] and were assigned values
After the compound-evoked potentials are computed for each virtual current step Ω i , the series of compound-evoked potentials at each recording site Ψ (1 ) (t) and Ψ (2 ) (t) are decomposed into a series of waveforms that nominally consist of the contributing single fiber action potentials at each simulated current step Γ (1 ) (t) and Γ (2 ) (t) as
If the current steps are small enough, then the waveforms Γ (n ) (t) will consist of individual contributing single fiber action potentials or no waveform where a stimulus current increment does not result in an additional recruited fiber. However, a perfect decomposition will not always be achievable due to the finite discretization of the stimulus current steps. Some of the q nonzero waveforms in the set Γ (n ) (t) will consist of more than one single fiber action potential.
Once the decomposition is complete, the individual decomposed waveforms from the two recording sites can be used to compute an estimate of the group delay associated with each contributing nerve fiber where the frequency response of a given fiber H i −1 (f ) is as shown in (6):
The frequency response is computed by dividing the Fourier transform of the single-fiber-evoked potential associated with the more distal recording site by the Fourier transform of the single-fiber-evoked potential associated with the more proximal recording site. Since each
, an estimate of the group delay τ i −1 for each pair of nonzero decomposed waveforms Γ (1) i −1 (t) and Γ (2) i −1 (t) can be computed from (7):
In practice, a least squares line is fitted to the phase response Θ i −1 (f ) for the H i −1 (f ) computed for each pair of nonzero decomposed waveforms Γ (1) i −1 (t) and Γ (2) i −1 (t), which facilitates the computation of the associated group delay τ i −1 . The estimated group delays for the contributing nerve fibers are used to compute an estimate of the associated fiber diameters from (8) where l(m) is the distance between the two recording sites and c = 5.0 × 10 5 s −1 .
Once the estimated group delay is computed for each nonzero pair of decomposed waveforms Γ (1) i −1 (t) and Γ (2) i −1 (t), an estimate of the sequence of nerve fiber diametersd is obtained for the contributing fiber population.
The overall process described before is illustrated in the flowchart of Fig. 2 .
To more realistically evaluate the efficacy of the proposed method, recording noise effects were studied. The set of decomposed single fiber evoked potentials at each electrode were assumed to be corrupted by recording noise n(t) that was assumed to be Gaussian distributed such that Γ (n )
The average SNR for the population is defined in terms of the average of the mean signal power for all the single fiber action potentials in the population and the Gaussian distributed noise power.
III. RESULTS
Two populations of 100 randomly generated fibers from the complete and large fiber distributions were utilized in these studies. For the complete distribution, fibers with diameters less than 5 µm were rejected. In the case of the large distribution, fibers falling between 2 µm and 10 µm were accepted. The fibers from each distribution were subjected to a virtual stimulus pulse train of successively increasing amplitudes ranging from zero to a maximum of 1 mA in 500 nA steps. At each step the compound evoked potential at both virtual recording sites was computed as per (3), and subsequently, the estimate of single fiber action potential waveforms were obtained at each recording site as per (5) . The concomitant group delays between the two virtual recording sites were computed yielding the group delay estimated set of fiber diametersd.
A histogram comparing the actual template fiber population d to the group delay estimated populationd is shown in Fig. 3 . Fig. 2 . Flowchart of the algorithm implemented to calculate an estimate of the group delay of the contributing population of nerve fibers and the estimated fiber diameter setd. The technique is based on determination of an estimate of the group delay associated with each nonzero decomposed waveform Γ (1) i −1 (t) and Γ (2) i −1 (t). Fig. 3 . Histogram of the template nerve fiber size population d from the complete fiber distribution and group delay estimated nerve fiber size populationd for the no noise case. The normalized final error, as defined in (9), is FE = 58.4831% and the chi-square test results for the two distributions yielded Q(χ 2 |x) = 0.9791 . Fig. 4 compares the maximal template compound evoked potential at the first electrode Ψ (1) q + 1 (t) with the maximal group delay estimated compound evoked potentialΨ (1) q + 1 (t) for the distributions shown in Fig. 3 .
The effect of the impact of recording noise was also studied. 4 . Graph comparing the template maximal compound evoked potential of the complete fiber distribution to the group delay estimated maximal compound evoked potential for the no noise case. The graph shows the template maximal compound evoked potential at the first recording site Ψ (1) q + 1 (t) and the group delay estimated maximal compound evoked potential at the first recording sitẽ Ψ (1) q + 1 (t). The normalized final error, as defined in (9), is FE = 58.4831% and the chi-squared test result is Q(χ 2 |x) = 0.9791 . The normalized final error FE, referred to in the previous figures, was calculated as per (9) .
IV. DISCUSSION
The results of the simulation study presented earlier demonstrate that the technique presented herein can, with reasonable accuracy, retrieve the fiber size distribution in the presence of recording noise for a wide range of SNR values.
The graph shown in Fig. 5 further demonstrates relatively low FE values for SNR values of 20 dB or larger. While FE provides a quantitative assessment of the fidelity with which the group delay estimated distribution compound evoked potential reproduces the template or actual compound evoked potential, the chi-square test provides a quantitative assessment of the fidelity with which the template distribution is estimated by the group delay process. The group delay estimator performance is seriously impacted for SNR levels below 20 dB. At lower SNR levels the estimated slopes of the phase spectra associated with the frequency response of the individual fibers are no longer accurate enough for a high fidelity reproduction of the template distribution or the temporal waveform of the compound evoked potential.
The proposed technique for measuring the size distribution of nerve fibers that contribute to the maximal compound evoked potential has several advantages over other earlier proposed methods. Unlike some previous techniques [5] , [10] , no inherent assumptions are made regarding size based classification of contributing single fiber evoked potentials. Each contributing single fiber evoked potential can, in theory, have a unique wave shape. The fact that many of the other techniques stipulate specific forms of the single fiber action potential waveforms, based upon dividing the range of fiber diameters into distinct groups, makes direct comparison with these techniques problematic.
One of the disadvantages of the proposed approach, in comparison to other techniques, is the necessity to perform a series of compound evoked potential measurements associated with a train of successively increasing stimulus current pulse amplitudes. While the measurement associated with the proposed method is more involved, the protocols for extracting individual contributing evoked potentials based upon a successively increasing stimulus pulse amplitude is well established in the literature on motor unit number estimation [13] .
I. INTRODUCTION
Since the development of small head-mounted video eye trackers, video oculography (VOG), has gained in popularity among clinical practitioners because of three dimensional recording of eye movements, low noise level, and high spatial accuracy. The developed head-mounted VOG systems can mainly be divided into two different groups: lowfrequency sampling systems (50-60 Hz [1] , [2] ) operating real time and high-speed sampling systems up to 400 Hz [3] . Major drawbacks of the latter are that: 1) data are processed offline after the examination is completed-patient coaching during the examination is essential or 2) the available online systems are not useful in vestibular practice-they are unstable or uncomfortable during head movements. The drawback of real-time sampling VOG systems is the low sampling frequency, making measurement of fast eye movements problematic. Especially, for the calculation of saccadic peak velocities, an important parameter in clinical practice, high sampling frequencies, are always mentioned to be necessary. In a study of Juhola et al. [4] , it was found that in order to obtain accurate values for the maximum eye velocity of a saccade of 20
• , a sampling frequency of at least 300 Hz is required. The purpose of this study is to evaluate saccade power spectra and evaluate a technique to improve the temporal resolution of 50 Hz eye movement recordings using VOG.
II. METHODS

A. Eye Movement Recordings
Three healthy subjects without any history or evidence of ophthalmologic or neurologic disorders participated in the experiment. Ages ranged from 23 to 28 years. All subjects participated on a voluntary basis after giving their informed consent.
Subjects were seated in a chair. Movement of the head was minimized using a headrest attached to the chair. After calibration, subjects were asked to visually fixate a dot of 0.5 cm, projected on a screen positioned 1 m in front of the subjects. The dot moved abruptly from side to side, forcing the subjects to make horizontal midline-crossing saccades. The angle over which the spot moved started at a small value of 5
• and increased in steps of 5
• up to an angle of 25 • (and 28
• , limited by the dimensions of the screen). For each rotation angle, three saccades to the left and right were made, resulting in a total of 36 saccades per subject.
Since saccadic eye movements are the fastest eye movements one can make, they have the highest cutoff frequency of all eye movements. Thus, a sampling frequency, capable of accurately recording saccades, is also capable of recording all other types of eye movements.
Horizontal saccadic eye movements were recorded with the skalar scleral search coil (SSC) system S3020 (Skalar Medical). The SSC signal was amplified by an analogue amplifier having a bandwidth of 200 Hz. For the SSCs, the Skalar Medical combination annulus was used. The signal was recorded at a sampling frequency of 1 kHz.
B. Nyquist Sampling Theorem
When recording a dynamic signal, the used sampling frequency f s is of high importance, since a too low sampling frequency results in a loss of information, called aliasing. The Nyquist critical frequency f c equals half the sampling frequency f s [5] .
The Nyquist sampling theorem states that if a continuous function x(t), sampled at a sampling interval T s = 1/f s , is bandwidth limited with a maximum frequency component, f m ax , equal to or smaller than f c , then the function x(t) is completely determined by its samples x [n] and is given explicitly by
